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An extensive study is made to analyze the impact of pure lanthanum on the
microstructure and mechanical properties of Sn-Ag-Cu (SAC) alloys at high
temperatures. Different compositions are tested; the temperature applied for
the isothermal aging is 150C, and aging times of 10 h, 25 h, 50 h, 100 h, and
200 h are studied. Optical microscopy with cross-polarized light is used to
follow the grain size, which is refined from 8 mm to 1 mm for as-cast samples
and is maintained during thermal aging. Intermetallic compounds (IMCs)
present inside the bulk Sn matrix affect the mechanical properties of the SAC
alloys. Due to high-temperature exposure, these IMCs grow and hence their
impact on mechanical properties becomes more significant. This growth is
followed by scanning electron microscopy, and energy-dispersive spectroscopy
is used for elemental mapping of each phase. A significant refinement in the
average size of IMCs of up to 40% is identified for the as-cast samples, and the
coarsening rate of these IMCs is slowed by up to 70% with no change in
the interparticle spacing. Yield stress and tensile strength are determined
through tensile testing at 20C for as-cast samples and after thermal aging at
150C for 100 h and 200 h. Both yield stress and tensile strength are increased
by up to 20% by minute lanthanum doping.
Key words: Lanthanum, SAC alloys, intermetallic compounds, aging
temperature, aging time
INTRODUCTION
Sn-Pb solder has long been used in the electronics
industry, but due to its toxic nature and environ-
mental effects, certain restrictions are made on its
use by the European RoHS directive, and therefore,
many researchers are looking to replace it. This is
because Pb and Pb-containing compounds, as cited
by the US Environmental Protection Agency (EPA),
is one of the top 17 chemicals posing the greatest
threat to human beings and the environment.1 The
new lead-free solders are mostly Sn-containing
binary and ternary alloys.2 Due to their better
thermomechanical properties, SAC alloys are con-
sidered as the best choice.2,3 However, because of
their coarse microstructure, iron (Fe), cobalt (Co),
and nickel (Ni) have been used as refining elements,
and their effects on the microstructure have been
investigated.4 Many combinations of, e.g., indium
(In), antimony (Sb), bismuth (Bi), copper (Cu), and
silver (Ag) are also used as alloying elements.2
Extensive knowledge and understanding of the
mechanical behavior of the emerging generation of
lead-free solders is required to satisfy the demands
of structural reliability.
Rare-earth (RE) elements are used in different
studies and are considered as the vitamins of metals
because of their special surface-active properties
which help in overall refinement of the microstruc-
ture and hence improve the mechanical proper-
ties.5–10 They are widely used in Sn-Zn, Sn-Ag, and
Ag-Cu alloys.6–8 Lanthanum (La) is considered as a
good additive due to its lower cost, wide availability,
and low melting point4 as compared with other RE
elements.
REs are used to control the growth of IMCs at
high temperatures and hence play a major role in
improving the overall mechanical properties of SAC
alloys, but overdoping can deteriorate the solder
mechanical properties. They have been used in dif-
ferent studies; e.g., cerium (Ce) and lanthanum (La)
are used in Sn-9Zn alloys.7 Lutetium (Lu) is also
used in many studies to improve Sn-Au and Sn-Ag
solder alloys.7 In Ref. 8, addition of small traces of
RE elements reduced the size of Ag3Sn and Cu6Sn5
IMCs, while in Refs. 6,11 the impact of lanthanum
on the microstructure evolution due to isothermal
aging was studied for eutectic Sn-3.5Ag alloy. In
Ref. 12, the impact of long-term isothermal aging is
studied for the growth of intermetallic interfacial
layers on Sn-Ag and Sn-Pb eutectic solders on Cu
substrates. Similarly, in Ref. 13, the impact of iso-
thermal aging on RE-doped Sn-Cu alloys was stud-
ied. Hao et al.14 systematically investigated the
evolution of microstructure and IMCs for SAC sol-
der modified with trace amounts of the rare-earth
element Er (addition of 0.15 wt.% Er to SAC387)
during isothermal aging. All these elements refine
the grain size, leading to a fine microstructure
which ultimately improves the mechanical proper-
ties of SAC lead-free solders, including the yield
stress and tensile strength, thus increasing solder
joint reliability.15,16 In Ref. 17, the impact of iso-
thermal aging on mechanical properties of SAC
alloys was studied.
Fig. 1. Dog-bone-shaped specimen for tensile tests.
Fig. 2. SEM images of (a) SAC and (b) SAC-La before thermal aging, and (c) SAC and (d) SAC-La after thermal aging.
Modern electronic devices are subjected to severe
thermal conditions varying up to 175C. Moreover,
many assemblies are composed of different electronic
materials with a wide range of thermal expansion
coefficients, which causes extra stress generation.
Therefore, different compositions of La are tested in
this study to identify an optimum SAC-La alloy, and
mechanical properties are determined in varying
environmental conditions.
The high temperature selected for aging is 150C,
and aging times of 10 h, 25 h, 50 h, 100 h, and
200 h are tested. Specimens are exposed to these
conditions in a furnace after polishing and etching.
They are analyzed at the end of each aging time and
are put back into the furnace after analysis. Ele-
mental mapping and chemical composition of each
phase are achieved using an SEM equipped with an
EDS system, and grain size is calculated using an
optical microscope with cross-polarized light. The
gauge area is focused on during the entire period of
study.
The main focus of this work is to provide a quan-
titative analysis of the microstructure evolution
under heat treatment of Sn-Ag-Cu lanthanum-doped
alloys and its impact on mechanical properties. IMC
particle size (average diameter), grain size, and
interparticle spacing measurements have been car-
ried out at different aging times at 150C with dif-
ferent doping of lanthanum.
Since exposure of solder joints to high tempera-
tures causes IMC particle coarsening, the mechan-
ical properties may also be affected and early failure
can be expected. As-cast samples and samples
exposed to temperature of 150C during 100 h and
200 h are then analyzed to determine the impact of
thermal aging on mechanical properties through
tensile testing at 20C.
EXPERIMENTAL PROCEDURES
Solder alloys were prepared from pure metals, in
the form of 200 g ingots with the following composi-
tions (wt.%): Sn-3.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu-0.01La,
Sn-3.0Ag-0.5Cu-0.05La, Sn-3.0Ag-0.5Cu-0.25La, and
Sn-3.0Ag-0.5Cu-0.5La. A three-part casting die,
composed of two parts in aluminum and a central
steel plate, was used to achieve ‘‘cast by melt’’ die-
casting to make dog-bone-shaped tensile specimens.
The front part of the die contains the path for the
flow of molten alloy. The central plate contains five
cavities for sample casting which are designed in a
Table I. Wetting forces and contact angles
Alloy Wetting Force (mN) Contact Angle ()
SAC 5.8 ± 0.15 47 ± 1.1
SAC-0.05La 6.1 ± 0.14 45.5 ± 0.9
SAC-0.25La 6.7 ± 0.09 43 ± 1.2
SAC-0.5La 6.4 ± 0.10 44 ± 1.1
Fig. 3. DSC curves for SAC and SAC-0.5La alloys.
Fig. 4. Average IMC particle size versus La composition for as-cast
(a) and thermally aged samples (b).
Table II. Interparticle spacing
La (wt.%) 0 0.01 0.05 0.25 0.5
Spacing (lm) 0.058 0.063 0.062 0.068 0.063
dog-bone shape. The back side of the die is used to
tighten the plate to the front side and also provide
fins to expedite the cooling rate during the solidifi-
cation process. A temperature of 260C is applied in
the oven, and the die is heated for about 45 min
before putting the molten metal into it. The 200 g
ingots are put into a crucible and then placed in the
oven at 260C for about 25 min. Water at tempera-
ture of 15C is used for quenching; the cooling rate
of the specimens was measured with a K-type
thermocouple. Only a small part of the die is dipped
into the water to obtain a slow cooling rate of about
3C/s, which is close to the actual reflow soldering
process. The thickness of the resulting specimens is
2 mm. One of these cast specimens is shown in
Fig. 1; all dimensions are in mm.
Differential scanning calorimetry (DSC) tests
were performed first to investigate the impact of
lanthanum doping on the melting temperature of
SAC alloys. The electrical resistivity of the SAC and
SAC-La doped alloys was also measured using a
four-point method for as-cast and thermally aged
samples.
For quantitative microscopy, specimens of each
composition were mechanically polished with silicon
discs as well as 6-micron, 3-micron, and 1-micron
diamond pastes. Chemical etching was performed
for a few seconds using 5% hydrochloric acid/95%
ethanol solution.
Quasistatic tensile tests at strain rate of
2 9 104 s1 were finally carried out with an MTS
tensile machine equipped with a 5 kN load cell to
determine the mechanical properties as a function
of lanthanum doping for all compositions mentioned
above except Sn-3.0Ag-0.5Cu-0.01La.
RESULTS AND DISCUSSION
The microstructure of the SAC alloys studied is
composed of a soft Sn matrix and hard IMCs of Ag
and Cu with Sn.16 Figure 2 shows an SEM image of
a SAC alloy: the black zone is the matrix that is
mainly composed of Sn, and the white particles are
the IMCs. These IMCs, rich in Ag and Cu, are
brittle in nature in comparison with the soft Sn
matrix and affect the mechanical properties of lead-
free solders.13 The size of these particles depends on
many parameters such as alloy composition, cooling
rate, and environmental conditions during service
with temperature up to 175C and aging time up to
several hundred hours. In order to constrain the
size of these IMCs, many researchers attempted a
change in the cooling rate during the solidification
process.18,19 A fast cooling rate can generate a fine
Fig. 5. (a) SEM image and EDS elemental mappings of (b) Sn, (c) Ag, and (d) Cu for the as-cast SAC sample.
microstructure, but in many cases, this is not fea-
sible because of the large thermal stresses in the
substrates.
Lanthanum is well known for its surface-active
properties.11 During solidification, it moves to the
free surface. In the SEM micrographs, small pores
are observed only in doped alloys for the unpolished
samples. EDS study also showed that lanthanum is
uniformly distributed over the free surface.20 The
presence of lanthanum at the natural surface has
many advantages. When this alloy is used as a sol-
der joint, the elemental lanthanum in the bulk sol-
der alloy at the interface will improve the wetting
behavior of the solder alloy by creating chemical
bonds with other materials.11 Extensive wetting
balance test study has been performed at 250C and
260C by the authors,20 and it was observed that
lanthanum doping increases wetting forces and
reduces contact angles. Table I summarizes the
wetting force and contact angle after performing 10
tests for each composition. Rosin mildly activated
(RMA) flux was used. The results are quite consis-
tent with Ref. 13.
DSC tests were conducted between the two peaks
of 20C and 300C for both SAC and SAC-La doped
alloys with a heating and cooling rate of 5C/min.
DSC curves are presented in Fig. 3. It is seen that
there is no significant change in the melting
temperature (starts at 217C and ends at 230C)
between the undoped and maximum-doped SAC
alloy, which is consistent with Ref. 11. Finally, the
Fig. 6. (a) SEM image and EDS elemental mappings of (b) Sn, (c) Ag, and (d) Cu for SAC-La after 100 h thermal aging.
Table III. Atomic composition of IMCs
IMC
Atomic %
Sn Ag Cu
Ag3Sn 74 ± 0.7 26 ± 0.7 9
Cu6Sn5 52 ± 0.4 9 48 ± 0.4
electrical resistivity measurements show that lan-
thanum doping has no influence on either as-cast or
thermally treated samples.20 The values for all
samples with all test conditions are typically in the
range of 10 lX cm to 15 lX cm.
Particle Size
An SEM FEG Jeol 7001F was used to collect
images for each composition at different resolutions,
in the initial state and after different aging times.
The as-cast and thermally aged SEM images for Sn-
3.0Ag-0.5Cu and Sn-3.0Ag-0.5Cu-0.5La alloys are
shown in Fig. 2. With thermal aging, coarsening of
both Ag-Sn and Cu-Sn IMCs takes place, at a rate
depending on the temperature applied and aging
time. It could be easily concluded from the micro-
graphs that the coarsening rate for lanthanum-
doped alloy is much slower than for the undoped
alloy.
Fig. 7. (a) SEM micrograph and EDS elemental mappings of (b) Sn and (c) La of SAC-La alloy.
Fig. 8. Optical microscopy images of SAC (left) and SAC-La (right).
Microstructure evolution is observed in terms of
the IMC average particle size, its volume fraction,
and the interparticle spacing. These measurements
were done as a function of aging time, aging tem-
perature, and lanthanum composition. ImageJ
software was used to measure the average particle
size at every aging interval. At least three SEM
images of every composition were provided for
measurements using three different magnifications:
8509, 25009, and 50009. The particle size was also
measured manually in terms of average surface
area using ASM handbook standards21 supported by
ImageJ analysis. The results are plotted in Fig. 4a
as a function of lanthanum doping and in Fig. 4b as
a function of aging time at 150C.
Stoichiometric calculations have shown that the
volume fraction of IMCs in Sn-Ag alloy is around
0.07 in general.22 Since the amount of La doping is
quite small in the current work, the volume fraction
of IMCs can be considered as close to 0.07. If the
IMCs are assumed to be spherical and uniformly
distributed in the eutectic region, as also considered
in Ref. 11, then the interparticle spacing (side-
to-side distance) can be calculated from the volume
fraction of eutectic region. The results are presented
in Table II. It is observed that this spacing does not
change a lot with La doping. This validates the fact
that La doping reduces the size of the particles,
which inevitably increases the number of particles
to keep the same interparticle spacing. Moreover, if
the interparticle spacing is not changed, this justi-
fies the fact that the eutectic region would be
increased for higher La doping.
Figure 4a indicates a drastic decrease in the par-
ticle size due to lanthanum doping, whereas Fig. 4b
shows that the coarsening rate of these IMCs is
smaller for the lanthanum-doped alloys than for the
undoped alloy.
As previously mentioned, the IMCs consist of Ag-
Sn and Cu-Sn. An Oxford EDS system in the SEM
enabled elemental mapping for each specimen. The
spatial distribution of Ag, Cu, and Sn could be
visualized in the IMCs, as shown in Fig. 5. To follow
the growth of these IMCs, another SEM image and
spatial distribution of these elements are provided
in Fig. 6 for a 100 h thermally aged specimen. The
Cu-based IMCs are much darker than Ag-based
IMCs, as also reported in Ref. 23, and are therefore
easily distinguished and confirmed by the EDS for
two different zones as shown in Fig. 6. About 25
IMCs were analyzed, and an average measurement
for the atomic % is provided in Table III. The atomic
% may not correspond to the exact ratio for Ag3Sn
and Cu6Sn5 IMCs due to the limitation of our
experimental setup, which considers more Sn to a
depth of a few microns, which may not be the actual
depth of these IMCs.
Thermal aging causes the evolution of both Ag3Sn
and Cu6Sn5 IMCs, and this process is governed by
r3  t, where r is the average radius of the IMC
particles and t is the isothermal aging time.23,24
Both types of particle coarsen at different rates due
to the different rate-controlling mechanisms. The
diffusion rate of Cu into Sn is higher than the dif-
fusion rate of Ag into Sn.23 Therefore, with time, the
coarsening of Cu6Sn5 is much greater than that of
Ag3Sn
24, due to which the Cu6Sn5 IMCs can be
easily differentiated from Ag3Sn IMCs. In Ref. 10, it
was reported that the size of Cu6Sn5 IMCs is much
larger than that of Ag3Sn IMCs in SAC alloys. The
EDS mapping for SAC-La alloy after thermal aging
is presented in Fig. 6. Contrary to Ag3Sn particles,
which show a normal increase with submicron size,
the thermal evolution of Cu6Sn5 IMCs shows a sig-
nificant growth up to a few microns. This is consis-
tent with Ref. 10. The rapid growth starts after 50 h
of thermal aging at 150C.
It is reported in Refs. 6,11 that La may be present
in elemental form, but they could not identify it due
to experimental limitations. In this work, however,
La was confirmed to be present in the form of oxides
in the bulk alloy. EDS elemental mappings were
performed for La and other elements and are pre-
sented in Fig. 7 along with the SEM micrograph.
This form is dispersed thoroughly in the bulk
Fig. 9. Average grain size versus La composition for as-cast (a) and
thermally aged (b) samples.
alloy.5,8 Due to the small size of these oxides, they
have not been determined exactly.
Grain Size
Grain size was measured for the as-cast samples
and then continuously followed during thermal
aging. Figure 8 shows grain size images for Sn-Ag-
Cu and Sn-Ag-Cu-0.05La as-cast samples. Optical
microscopy with cross-polarized light was used for
this study, in which grains can be observed as dif-
ferent shades. A significant decrease in grain size,
due to the addition of lanthanum, can be seen.
Grain size, as a function of lanthanum composi-
tion, is plotted in Fig. 9a. A huge refinement is
observed. Figure 9b describes the grain size as a
function of aging time at high temperature. Since
the number of grains is not large, error bars are
provided in both plots. It is important to note that
the grain size for the undoped alloy is too large and
only one grain boundary is observed in the gauge
area. Hence, the grain size is assumed to be 8 mm
as given in Fig. 9a. It is also observed that the alloy
composition with the smallest grain size is SAC-
0.05La. This is consistent with the work performed
Fig. 10. Stress versus La composition for (a) as-cast, (b) 100 h thermally aged, and (c) 200 h thermally aged samples.
Table IV. Yield stress and tensile strength of SAC-La alloys
Alloy Condition Yield Stress (MPa) Tensile Strength (MPa)
SAC As cast 23 37
100 h aged at 150C 18.5 21.5
200 h aged at 150C 19.5 24
SAC-0.05La As cast 35 40
100 h aged at 150C 21 24.5
200 h aged at 150C 22.6 26
SAC-0.25La As cast 36 42
100 h aged at 150C 29 30.5
200 h aged at 150C 26 27
SAC-0.5La As cast 37 43
100 h aged at 150C 30 32
200 h aged at 150C 29 32
by Pei and Qu6,11 for Sn-3.5Ag alloy with similar La
doping. Previous studies20 found that, due to the
pinning effect of IMCs, thermal aging does not affect
the grain size in the undoped alloys. Figure 9b
shows that almost no change in grain size occurred
due to thermal aging. It can be concluded that lan-
thanum doping not only refines the grain size but
also restricts its growth at high temperatures. This
is consistent with Ref. 11. This refinement is due to
the particular effect of lanthanum adsorption at
different planes in the SAC alloys.8,13,25
Mechanical Properties
Figure 10a shows the yield stress and tensile
strength for the as-cast samples at room tempera-
ture. A significant increase in both yield stress and
tensile strength is observed. This is consistent with
Ref. 16, in which an increase in tensile strength is
investigated for Sn-0.7Cu, Sn-3.5Ag, and Sn-9Zn
alloys due to RE elements (mainly Ce and La). On
the other hand, an increase in La doping also leads
to a decrease in elongation to failure. This may be
due to an increase in the quantity of hard,
RE-bearing particles.8,13 In Ref. 26, it is shown that
lanthanum results in the formation of LaSn3 com-
pounds. The average microhardness of this phase,
in a slowly cooled alloy, has a high value of 48 HV as
compared with the average microhardness of the
matrix of 13.5 HV.9
The evolution of yield stress and tensile strength
for 100 h and 200 h aging at 150C are given in
Fig. 10b and c, respectively; all values are summa-
rized in Table IV. The increase in yield stress and
tensile strength due to RE doping in tin-based alloys
is quite consistent with Ref. 27.
Thermal coarsening greatly affected the micro-
structure of the SAC alloys. We can see a significant
decrease in both yield stress and tensile strength
from the as-cast alloys to thermally aged alloys.
This is because of the IMC growth, which causes
early failure and reduces solder joint reliability. In
all three cases, the mechanical properties of the
doped solders are significantly higher than those of
the undoped alloys. Even an increase of 2 MPa
could be appreciable, since this corresponds to a
10% increase in the yield stress of 20 MPa.
Since creep tests are conducted under constant
stress, less than the yield stress, an increase in the
yield stress would increase the gap between the
applied stress and the yield stress of the material.
Thus, it is expected that La doping will increase the
creep life of SAC alloys, as also presented by many
researchers.9,13,28
CONCLUSIONS
Doped SAC alloys have been studied to determine
the influence of lanthanum on their microstructure
evolution and mechanical properties at high tem-
perature. Several conclusions can be made. The
addition of lanthanum drastically reduces the IMC
particle size. It also controls the growth of these
IMC particles during thermal aging. It leads to a
huge refinement of grains for the as-cast specimens,
but no evolution is observed after thermal aging.
There is no significant increase in the interparticle
spacing. A significant increase of yield stress and
tensile strength with lanthanum doping is observed
for as-cast and thermally aged specimens. Thus,
lanthanum refines the microstructure, reduces the
drastic effects of IMCs, and hence improves the
mechanical properties of SAC solders.
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